similar skin diseases. However, the differentiation between these diseases using quantitative computer-aided image analysis was still not possible.
Introduction
Lupus erythematosus (LE) is a chronic inflammatory connective tissue disease of the skin and internal organs characterized by pathogenic autoantibodies and immune complexes [1] . While cutaneous involvement appears in the majority of patients with LE, chronic cutaneous LE (CCLE) is a disfiguring type of LE that has a significant impact on the quality of life of the patient. CCLE includes 4 different types: discoid LE (DLE), LE profundus, chilblain LE, and LE tumidus (LET) [2] . While Jessner's lymphocytic infiltration of the skin (JLIS) is characterized by erythematous papules and plaques on the face or back that are usually confounded with LET, histological examination of JLIS lesions show dense lymphocytic 'sleevelike' perivascular or periadnexal infiltration of the dermis [3] . However, distinguishing JLIS from CCLE by their histopathological findings is challenging. Previous studies have been conducted to differentiate JLIS from CCLE, but the potential relationship between JLIS and LE, originally raised by Jessner and Kanof [3] , still remains a question [4, 5] . As no standard criteria to support this separation exist, the diagnosis of JLIS relies on inevitably subjective clinicopathological features, leading to high interrater variability.
Computer-aided image analysis (CAIA) and the use of measuring software to assess large numbers of photographic objects has been suggested as an objective analytical tool with a variety of medical and research applications [6, 7] . Using CAIA, subtle differences in erythema and the extent of cell infiltration can be quantitatively assessed from gross and histopathological photographs, respectively. CAIA is an objective and quantitative method for the analysis of histopathological findings [8] . In this study, we used CAIA to investigate differences between various subtypes of CCLE and JLIS, which cannot be detected using subjective assessments of clinicopathological features. In addition, differences in facial erythema, as well as epidermal changes and dermal inflammatory infiltration, in patients with JLIS, LET, and DLE were assessed from gross and histopathological photographs, respectively. This study could provide evidence to elucidate whether the vague characteristics of JLIS are part of the CCLE spectrum. The application of CAIA for the differential diagnosis of similar diseases might be helpful for the development of telemedicine technology.
Materials and Methods

Subjects
We included patients diagnosed with JLIS, LET, and DLE in the Seoul National University Bundang Hospital between 2003 and 2014. The diagnosis of JLIS, LET, and DLE in all patients included in the study was made according to the physician's opinion and was based on clinicopathological and laboratory findings.
Image Acquisition
This retrospective study was conducted to analyze the clinical and histological photographs of patients with JLIS, LET, and DLE. We collected facial photographs and histological slides of all patients. All clinical photographs were taken in a single studio under the same lighting conditions ( fig. 1 a, d, g ). The original photographs were 8-bit red, green, and blue (RGB) JPEG files with a resolution of 2,152 × 2,740 pixels. Skin specimens for histological analysis were obtained using a punch biopsy and stained with hematoxylin and eosin (HE; fig. 2 a) . Dermal cell infiltration and epidermal thickness on each slide image were assessed by CAIA.
Quantification of Lesional Erythema from Gross Photographs
Erythema Parameter: a * . The original images were converted to L * a * b * color space. The 8-bit value a * represents objective erythema, with values of 255 and 0 assigned for the reddest and least red areas, respectively. We also measured a * in normal skin and in the erythematous lesion in each photograph ( fig. 1 b, e, h) . The difference between the normal skin and the erythema for a * was defined as Δa * . The ImageJ ® software (version 1.47; National Institutes of Health, Bethesda, Md., USA) supported the transformation.
Erythema Parameter: Erythema Dose . In this study, we also measured erythema dose (ED) for facial erythema. According to a previous study [7] , the a * and ED were positively correlated with each other, and both showed a good correlation with the subjective erythema index. ED facilitates the established theory of color deconvolution [9] . Color deconvolution defines the RGB property for each chromogen as the optic dose (OD) vector, and each OD stands for the amount of corresponding chromogen. We assigned three OD vectors: pure red, normal skin color, and black and white. The OD vectors of normal skin differ between patients, while the other two OD vectors remain fixed. The OD of pure red was defined as ED ( fig. 1 c, f, i). The difference between the normal and erythematous lesions for ED was defined as ΔED. The ED of each photograph was calculated using ImageJ ® plug-in color deconvolution.
CAIA of Histopathological Findings
Digital images were prepared for analyses using ImageJ ® software. In each image, the dermis to be analyzed was selected and separated from the rest of the field using the image brush tool ( fig. 2 b) . The total dermal area in the analyzed field was automatically measured using color deconvolution, which involves the isolation of color information from histological RGB images containing multiple stains [9] . This was achieved by calculating the contribution of each stain based on the stain-specific RGB absorption. In our study, color deconvolution was used to isolate the hematoxylin stain ( fig. 2 c) , and the hematoxylin image was processed using the threshold tool of ImageJ ® , which creates a binary (black and white) mask of the stained area based on its brightness ( fig. 2 d) . Each image was changed and processed into an 8-bit type (gray) and a binary color image. The measurement tool was used in the area for percentage estimation processing. This was calibrated to calculate the area of the field (total dermal area) and the area fraction (black color representing inflammatory cell infiltration).
In each image, the epidermis to be analyzed was selected using the image brush tool. This image was processed using the set scale tool of ImageJ ® , with 10 pixels representing 40 μm. The width of the epidermis was measured and the measurement tool was used to calculate the epidermal area ( fig. 2 e) . The epidermal thickness was calculated by dividing the epidermal area by the epidermal width.
Statistical Analysis
Demographic data were analyzed using Fisher's exact test. The means of Δa * , ΔED, dermal inflammatory cell infiltration, and epidermal thickness were compared between the three disease groups using the Kruskal-Wallis test with post hoc analysis. The correlation between erythema parameters and histopathological features was evaluated using Spearman's correlation test. The statistical significance level was set at 0.05 and the confidence interval at 95%. 
Results
Demographics
A total of 9 patients with JLIS, 13 with LET, and 5 with DLE, diagnosed according to clinical and histopathological findings, were included. Their main characteristics are summarized in table 1 . Female patients were more predominant in the JLIS group. Facial involvement, especially the nose, was more frequent in the DLE group. All patients with JLIS and LET and those with DLE showed succulent and depressed lesions, respectively. While epidermal changes were not observed in JLIS patients, perivascular lymphocytic infiltrates appeared always less dense in those in the LET and DLE groups. Antinuclear antibodies (ANA) were inconsistently detected in patients with LE but never detected in those with JILS. The remaining clinical characteristics did not differ among the three groups.
CAIA of Gross Erythema
The original and transformed images of a * and ED are depicted in figure 1 a- 
c (JLIS), figure 1 d-f (LET), and figure 1 g-i (DLE). The means and standard deviations of
Δa * in the JLIS, LET, and DLE groups were 17.89 ± 21.78, 24.08 ± 14.14, and 41.78 ± 12.64 (p = 0.06), whereas those of ΔED were 63.72 ± 54.28, 78.66 ± 28.07, and 93.86 ± 38.48, respectively (p = 0.18). Differences in erythema parameters between normal and erythematous skin were more prominent in ED than in a * , but no significant differences were observed among the three groups ( fig. 3 ) . Difference between normal and erythematous skin is more prominent in ED than in a * , but no significant differences between the three disease groups were observed. 
Computer-Aided Image Analysis of Lupus Erythematosus
CAIA of Histopathology Slides
The original histopathological scanning view and transformed images are depicted in figure 2 . Dermal inflammatory cell infiltrations in the JLIS, LET, and DLE groups were 10.45 ± 7.06, 11.68 ± 3.57, and 10.24 ± 2.44%, respectively, but these differences were not significant (p = 0.39; fig. 4 ). Epidermal thicknesses in the JLIS, LET, and DLE groups were 705.66 ± 238.17, 990.03 ± 516.87, and 1,026.30 ± 623.68 μm, respectively, but these differences were not statistically significant (p = 0.21; fig. 5 ). Although the correlation between dermal inflammatory cell infiltration and epidermal thickness in each disease group was not significant (p > 0.05; fig. 6 ), a weak correlation was observed in the DLE group, which showed more epidermal changes than the other groups. In the JLIS and LET groups, similar negative correlations between dermal inflammatory cell infiltration and epidermal thickness were observed, but the sample size was too small to demonstrate statistical significance.
Correlation between Erythema Parameters and Histopathological Features
The correlation between gross erythema parameters and histopathological features was evaluated using Spearman's correlation test, calculated with Δa * , ΔED, dermal inflammatory cell infiltration, and epidermal thickness. There were no significant correlations between Δa * and dermal inflammatory cell infiltration or epidermal thickness, and neither between ΔED and dermal inflammatory cell infiltration or epidermal thickness. 
Discussion
Facial lesions of JLIS are a relatively rare occurrence, but they are usually confounded with cutaneous LE [4] . Although JLIS tends to share common skin manifestations with LET, such as succulent facial erythema, histopathological findings in both diseases include no change in the epidermal basal layer and dermal periappendageal/perivascular lymphocytic infiltrations [10, 11] . In previous studies, the only way to differentiate LE from JLIS [12] involved laboratory tests typically associated with connective tissue diseases. Moreover, the relationship between JLIS and LE, particularly with respect to JLIS being part of the LE spectrum, as proposed by Jessner and Kanof [3] , is debatable. However, many authors argue that JLIS is an autonomous entity [13, 14] , with some even suggesting differentiating features between the two diseases, while others consider that the JLIS represents a DLE variant [15] . In this study, DLE lesions appeared as depressed plaques, but other groups have reported generally well-demarcated, erythematous macules or papules which gradually develop into an indurated discoid plaque [2] . These skin disorders are difficult to distinguish based on their clinical features, and the differential diagnosis is based on subjective and qualitative assessments of gross clinical morphology and histopathology, but not on a quantitative methodology. Thus, in this study, we introduced CAIA as an objective and quantitative diagnostic method to differentiate similar diseases and circumvent interobserver variability.
For diseases causing facial erythema, some standardized severity assessment methods have been suggested [16] . However, these subjective erythema indexes are limited because of their subjectivity. Even for the experts, interobserver variability comes into question [6] . According to our previous study, a * and ED values were selected to show differences in facial erythema intensity [7] , and we proved that ΔED showed more color difference than Δa * in our study subjects.
This study provides an objective and quantitative CAIA to overcome the subjectivity and qualitativeness of histopathology. Using a color deconvolution program as part of CAIA, we were able to detect even scant inflammatory cell infiltration of the dermis and obtain accurate calculations of the infiltrated area. Our modifications, based on hematoxylin color layers and the application of a brightness threshold, were accurate in estimating the percentage of the area with dermal inflammatory cell infiltration. The difference in inflammatory dermal cell infiltration was not significant between the three disease groups (p = 0.39; fig. 4 ), but predominant patterns were revealed such as the periappendageal and perivascular infiltration observed in LET, DLE, and JLIS. The mean epidermal thickness was higher in DLE, followed by LET, and was lower in JLIS (p = 0.21; fig. 5 ). However, the sample size, a major limitation of this study, was too small to demonstrate statistical significance.
In conclusion, this study is the first to introduce a novel CAIA for the quantitative analysis and differentiation of clinically similar inflammatory dermatoses. Altogether, our data support previous knowledge about this disease spectrum, but further investigations to reveal additional relationships between JLIS, LET and DLE lesions, as well as CAIA parameters, are warranted to build a larger knowledge database. This database would, in turn, form the basis of an advanced computer-aided dermatological differential diagnosis methodology with future telemedicine applications.
